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ABSTRACT 
The soybean aphid (Aphis glycines) has rapidly spread through the Midwest causing 
consistent yield losses since its introduction. In an effort to find sources of resistance to 
this pest, several plant introductions have been screened in controlled laboratory 
conditions or in few locations under field conditions. In order to better characterize 
different soybean resistant lines we measured resistance on 18 soybean varieties at 
different locations across the Midwest in two years. Clustering of lines with similar 
performance was conducted. Correlation analyses between aphid pressure determined by 
different locations and aphid infestation of groups of lines as determined by the cluster 
showed no genotypic by environment interaction. Furthermore, we selected one soybean 
line with known source of resistance (Rag1 gene) and a related line without the Rag1 
gene. Consistency of the resistance conferred by Rag1 was tested in terms of yield losses 
along different levels of aphid infestations at field conditions. Even though the resistant 
line showed high levels of aphid infestation it did not show yield losses. These results 
suggest that the Rag1 gene may confer not only resistant to soybean aphid (aphid 
numbers per plant) but also tolerance to this pest (not significant yield loss when 
infested). In an effort to understand the Rag1 mechanism of resistance we tested for 
differences in free amino acid composition of leaves in the Rag1 genotype and its 
susceptible related line at three soybean developmental stages. We detected constitutive 
differences in amino acid composition between these two lines, and also differences in 
induced responses in the presence of aphids. The amino acids detected in this study could 
be selected to evaluate their putative role in aphids growth and reproduction.
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CHAPTER 1: General Introduction 
 
Soybean Aphid, Aphis glycines  
Soybean aphid as pest 
The soybean aphid (SBA), Aphis glycines Matsumura, is a soybean pest native to Asia.  
The soybean aphid was introduced in the US and found in soybean (Glycine max) fields 
in Wisconsin in 2000. It rapidly colonized other Midwestern states becoming one of the 
most important insect pests of soybeans. Three years later the pest was found in at least 
21 US states (Venette and Ragsdale, 2004). The establishment and distribution of this 
pest in the U.S. could be explained by climatic similarity between US and its origin, host 
availability and adaptability of the aphid related to the high rate of growth due to 
parthenogenesis (Venette and Ragsdale, 2004). 
Soybean aphids cause significant yield losses, up to 40-50% have been mentioned 
(Ragsdale et al., 2007). Furthermore, seed quality may be affected by soybean aphid 
infestations. Beckendorf et al. (2008) observed that pods per plant, seed per pod, and seed 
weight were negatively correlated with increasing number of aphids per plant. In 
addition, oil was negatively correlated and protein positively correlated with increases in 
the number of aphids per plant. Effects of soybean aphids on yield components and seed 
quality may be associated in part with reduced photosynthetic rate (Macedo et al., 2003). 
Honeydew, a product of aphid excreta, accumulates in stems and leaves allowing the 
colonization of sooty mold (fungal complexes). These fungi have a dark-colored 
mycelium that reduces light penetration. Soybean seed yield and quality may also be 
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indirectly affected by the soybean aphid as vector of viruses (Clark and Perry, 2002). 
Even though soybean aphid causes significant yield reductions, injury classification 
caused by this pest is asymptomatic with no morphological aberrations (Kindlmann et al., 
2007).        
Soybean aphid life cycle 
The primary host of the soybean aphid is buckthorn, a shrub belonging to the genus 
Rhammus where aphids are found during the winter and early spring. In U.S there are 
several Rhammus species that aphids may use as primary host. It is during the summer 
when aphids migrate to its secondary host, soybean. As a secondary host, soybean seems 
to be the primary legume species where soybean aphid reproduces (Ragsdale et al., 
2004).   
 In spring, wingless nymphs develop on Rhammus for two generations. As summer 
approaches, higher temperatures, longer day-length and better host quality may trigger 
the migration of winged forms to the secondary host (soybean). Once on soybean, winged 
and wingless female forms are produced by parthenogenesis throughout the growing 
season of soybean. Finally female and male winged forms are produced at the end of the 
soybean growing season when they migrate back to Rhammus to start the cycle again. 
Males and females mate on Rhammus and deposit overwinter eggs (Ragsdale et al., 
2004).  
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Soybean aphid management  
Since the introduction of this pest in the U.S. there have been several efforts to reduce its 
effect on soybeans. Insecticides were one of the first management practices to be 
adopted. General recommendations for insecticide applications are based on the 
economic threshold (ET) and the economic injury level (EIL). The EIL is the number of 
aphids per plant at which yield losses exceed cost of insecticide applications. Ragsdale et 
al. (2007) calculated the EIL as 674 ± 95 aphids per plant. The ET is defined as the 
number of aphids at which insecticide applications or any other control technique needs 
to be adopted to avoid yield losses. Ragsdale et al. (2007) calculated the ET as 273 ± 38 
aphids per plant. The ET and the EIL values are valid between the R1 and R5 soybean 
developmental stages.  
Insecticide applied to the seeds (seed treatment) is another method used against 
soybean aphids. In general, seed treatment is effective in controlling soybean aphid at 
early stages (Ragsdale et al., 2007). However, seed treatments do not have residual 
activity to suppress soybean aphid during late July and August (Johnson et al., 2008). 
Even though insecticide treatments seem to be effective as a short term practice to control 
soybean aphid, insecticides are not always considered the best method for insect pest 
control. Prolonged used of insecticides favors the possible appearance of insecticide-
resistant aphids; in addition, insecticides have a negative impact on the populations of 
natural enemies of the SBA. Several natural enemies were found to be abundant in 
soybean fields. Asian lady beetles (Harmonia axyridis), Orious bugs (Orious spp.) and 
green lacewings (Chrysopa spp.) are among the natural enemies that reduce aphid 
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populations and are affected by insecticide applications (Gardiner et al., 2008; Schmidt et 
al., 2008). 
Host plant resistance (HPR) is among the most effective techniques used to 
control insects. Three different mechanisms of resistance are known: antibiosis, 
antixenosis and tolerance. Antixenosis acts through inhibition of insect settlement on the 
plant providing resistance to colonization (Van Emden, 2007). On the other hand, 
antibiosis mechanisms allow the settlement of the insect population in the host but reduce 
insect survival, growth and fecundity (van Emden, 2007). Finally, tolerance is the 
mechanism by which the plant shows a better yield than non-tolerant plants when 
suffering the same level of aphid infestation (Van Emden, 2007). Even though HPR is 
just being developed for soybean aphid, some aphid resistant genotypes have already 
been identified. Hill et al. (2004) identified three soybean aphid resistant genotypes: 
Dowling, Jackson and PI 71506. Of these three, antibiosis was observed in Dowling and 
Jackson, while antixenosis was observed in PI 71506. Li et al. (2004) identified PI 
200538 as resistant to soybean aphid and Mensah et al. (2005) identified two genotypes 
with antixenosis (PI 567597 and PI 567543C) and two with antibiosis (PI 567541B and 
PI567598B). Further research identified PI 243550, PI567301 and PI 567324 (Mian et al., 
2008), PI 548664 and PI 436684 (Hesler and Dashiell, 2007), PI 230977 and G93-9223 
(Hesler et al., 2007), Perrin, Tracy-M, D88-5272, D88-5328, D75-10169, D90-9216 and 
D90-9220 (Hesler and Dashiell, 2008) as genotypes with various degrees of resistance. 
The Germplasm Resources Information Network lists 16 soybean aphid resistant plant 
introductions (some of them already listed here) and six with moderate resistance. In 
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addition, Diaz-Montano et al. (2006) identified 11 soybean resistant genotypes with 
antibiosis and antixenosis to the soybean aphid. The genetic bases of the resistance for 
some of the entries previously identified are known. Resistance in Dowling (PI 548663) 
(Hill et al., 2006a) is conferred by a single dominant gene (Rag1), and a single dominant 
gene was also found to be responsible for resistance in Jackson (PI 548657) (Hill et al., 
2006b). Mensah et al. (2008) found that resistance in PI 567541B and PI 567598B is 
determined by two recessive genes. On the other hand, resistant in PI 243540 was 
conferred by a single dominant gene different from Rag1 (Rag 2, Mian et al., 2008; Kang 
et al., 2008). Even though there are several soybean genotypes identified as resistant to 
soybean aphids the majority of these studies were conducted in controlled laboratory 
conditions or under limited field conditions (few locations). Further research is needed to 
evaluate soybean resistant genotypes under different field conditions to determine 
genotypic by environment interactions that could help to better characterize soybean 
resistant entries. 
Plant-aphid interactions 
Plant direct defenses against aphids  
Although the form of resistance to soybean aphid has been determined, the mechanisms 
have not. Insects have different mechanisms to choose a suitable host. Smith (2005a) 
describes olfaction, vision and gustation as sensory receptors affecting host selection. 
Bernays and Chapman (1994) consider the shape, size and color of the host as possible 
factors affecting host selection by insects. Plants have different mechanisms to avoid 
arthropods settlement which may involve morphological and chemical factors. 
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Morphological factors include trichomes, surface waxes and tissue thickness. Chemical 
factors include volatiles compounds, repellents and deterrents. Even when arthropods can 
settle on a particular plant, they are then faced with others barriers that will affect their 
performance. Toxins, growth inhibitors and growth inhibition due to reduced levels of 
nutrients (Smith, 2005b; van Emden, 2007) are factors that influence insects’ growth and 
development.  
        Specifically for aphids, visual and olfactory responses were found to be important in 
the first step of the process of host selection (Pettersson et. al. 2007). The soybean aphid, 
was found to be attracted and repelled by host and non-host plants, respectively (Du, et 
al., 1994). Hairiness, epicuticular waxes, volatile and non-volatile compounds could 
determine further selection of host plants (Pettersson et al., 2007). After settlement, 
gustatory receptors may play a role in the next phase of host plant selection by aphids 
(Wensler and Filshie, 1969). In addition, it was determined that the presence of a colony 
of aphids prior to the colonization of an individual aphid causes changes in the food 
quality of the leaf that enhance further settlement and development of aphids (Way and 
Cammel, 1970).  
 The role of toxins or deterrents in host plant resistance to aphids is also 
documented. For example, DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one), 
a toxin present in cereal crops, inhibited detoxification enzymes in Rhopalosiphum padi 
(Mukanganyama et al., 2003). Glucosinolates, plant secondary compounds, play a 
defense role against aphids in brassica species (Cole, 1997). When aphids feed, indole 
glucosinolates are hydrolyzed producing deterrents or antifeedants that affect aphid 
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performance (Kim et al., 2008). In addition, the salycilic acid pathway showed to be 
important in aphid induced responses through methyl salicylate  induction (Pettersson et 
al., 1994; Shualev et al., 1997; Ninkovic et al., 2001). Pathogen related proteins (PR) 
were also induced by aphid infestation (Forslund et al., 2000).  
Plant indirect defenses against aphids  
Another important component of defenses against aphids are indirect defenses. This type 
of defense is known to influence the environment of the host plants making them 
unsuitable to colonization by the aphid. Allelopathy, via semiochemicals, may also 
influence plant to plant communication acting as signals of infestation and inducing 
changes to prevent further attack. Farmer et al. (1990) found that methyl jasmonate 
production in one plant species induced the accumulation of proteinase inhibitors in the 
leaves of the neighboring plant even though they belonged to different species.  
 In general, volatile are the most common compounds involved in this type of 
defenses. Plants that were attacked by aphids may release volatile compounds (e.g. 
methyl salicylate) that induce defense responses in neighboring plants making them less 
suitable for further aphid invasion (Pettersson, 1996). In addition, methyl salicylate 
released by a plant in response to specific aphid species can make the plant less suitable 
for other aphid species (Pettersson at al., 1994; Ninkovic et al., 2001). Zhu et al. (2005) 
also found that methyl salicylate is the main volatile compound produced by soybean in 
response to soybean aphid. Methyl salicylate is a attractant to the beetle Coccinella 
septempunctata a known natural enemy of the soybean aphid. Cis-jasmone was also 
found as a volatile involved in plant defense against aphids (Birkett et al., 2000). Its 
8 
 
function is not only to repel aphids but also to act as an attractant of insects that are 
antagonistic to aphids (Birkett et al., 2000).   
Aphid feeding and nutritional requirements 
The final decision of acceptance of a host plant is made at the level of the phloem. The 
gustatory and nutritional qualities of the phloem sap are important for the feeding phase 
(Pettersson et al., 2007). Aphids feed from the phloem sap which contains sugar and 
nitrogenous compounds (Montllor, 1989; Dixon, 1998). Nitrogen nutrition was 
determined to be the limiting factor for aphid growth and reproduction (Dixon, 1998). 
Aphids usually choose feeding sites on parts of the plant that are actively involved in 
nutrient translocation. Rhopalosiphum padi preference for stem of young host plants is a 
consequence of the high nitrogen content at that location (Wiktelius, 1987). Seasonal 
changes in the percentage of soluble nitrogen in the leaves of sycamore correlates with 
the size and fecundity of aphids (Dixon, 1998). For Myzus persicae the suitability of the 
plant for colonization is cyclic along four developmental stages (growing, mature, 
senescence and dying) (Dixon, 1998). When leaves are at the growing or senescent stages 
the suitability is high, while at the mature and dying stages the suitability for aphid 
colonization is low.  
The low concentration of nitrogen, in particular amino acids, in the phloem 
compared to sugars limits the aphid rate of growth (Dixon, 1998). Nitrogen moves in the 
phloem primarily in the form of free amino acids (Wilkinson and Douglas, 2003). Free 
amino acids are therefore the most relevant measurement of nitrogen available for 
phloem sucking insects (Montllor, 1989; Pettersson et al., 2007). Free amino acid 
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composition in terms of nutritional quality for aphids involves protein amino acids or 
building block of proteins. Specific amino acids are used by the aphid for protein 
synthesis, as precursors of neurotransmitters or neurohormones, substrates of respiration 
and as part of the nitrogen recycling (Douglas and van Emden, 2007). On the other hand, 
it has been found that some amino acids may play a role as phagostimulants eliciting 
feeding and oviposition (Bernays and Chapman, 1994). Diet intake and intrinsic rate of 
growth are the variables measured to distinguish between nutritional (protein synthesis) 
or phagostimulatory roles, respectively. Lackstein and Llewellyn (1974) using Aphis 
fabae fed with artificial diets found that the individual omission of alanine, proline and 
serine caused reduction in diet intake in aphids of the same size. Therefore, the authors 
indicated these amino acids as phagostimulants.  Methionine was also found to be 
phagostimulant for A. fabae (Barneys and Chapman, 1994). Non-protein amino acids 
were also found to be a component of the phloem sap (Dixon, 1998). Non-protein amino 
acids may play different roles like feeding deterrent, feeding stimulants (Montllor, 1989; 
Srivastaba et al., 1983), defensive chemicals (toxins) against aphid attack (Dixon, 1998) 
or other stresses (Montllor, 1989), neurotoxins or substrates analogues of protein amino 
acids (Strauss and Zangerl, 2002). For example, γ-aminobutyric acid (GABA) showed 
phagostimulant activity for Acyrthosiphon pisum (Harris) (Srivastava et al., 1983). 
The source of free amino acids for aphids comes not only from the diet but also 
from the symbiotic bacteria Buchnera sp. The bacterium is the primary symbiont of 
aphids and it is located in insect cells called mycetocytes or bacteriocytes in the 
abdominal haemocoel. Buchnera occupies 60% of the cytoplasm volume (Douglas and 
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van Emden, 2007). The complete genome of the bacteria has been sequenced and genes 
coding for amino acids have been found. However, the bacteria is not able to provide 
aphids with all amino acids requirements, some of which need to be taken from the diet 
(Shigenobu et al., 2000).  
Amino acids requirements vary between different aphid species (Wilkinson and 
Douglas, 2003) (Table 1) and host plant selection is based on the relative composition of 
essential and non-essential amino acids, determining suitability for aphids’ growth and 
reproduction (Wilkinson and Douglas, 2003; Holt and Birch, 1984). It has been 
determined that the amino acids histidine, isoleucine, lysine and methionine are essential 
for the growth of Myzus persicae (Dixon, 2005). For Aphis fabae histidine and 
methionine showed to be essential for nymphs’ growth while proline, alanine and serine 
are non-essential (Leckstein and Llewellyn, 1974). Studies in several clones of Aphis 
fabae showed that even clones of the same species have different essential amino acids 
requirements (Wilkinson and Douglas, 2003). These authors found histidine, threonine, 
methionine and valine as essential amino acids required by one or more Aphis fabae 
clones. Essential amino acids for a specific line of the pea aphid (Acyrthosiphon pisum) 
feeding on Vicia faba are isoleucine, leucine, lysine, phenylalanine and tryptophan in 
addition to those essential for A. fabae while the non-essential amino acids are alanine, 
arginine, glutamic acid, glutamine, aspartic acid, asparagines, glycine, serine and tyrosine 
(Douglas, 2006).   
The amino acid composition of the phloem has been used not only to explore host 
plant suitability comparing different plant species or cultivars but also to investigate how 
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variations in amino acid composition within species determine different aphid 
performance (Weibull, 1987; Karley et al., 2002). Myzus persicae performance on potato 
plants at two different developmental stages was positively correlated with glutamine and 
negatively correlated with glutamate and aspartate. In addition, aspartate, glutamate and 
proline were found to support aphid growth and prolong survival of Acyrthosiphon pisum 
(Srivastava et al., 1983). Hodge et al. (2005) showed that β-aminobutyric acid (BABA) 
suppresses the performance of the pea aphid (Acyrthosiphon pisum) when it is applied to 
legumes. For soybean aphid, it was determined that plants with potassium deficiencies 
lead to higher aphid populations than non-deficient plants (Myers et al., 2005). The level 
of potassium in plants was found to influence the type and quantity of the amino acids 
translocated in the phloem. The levels of asparagines were positively correlated with 
aphid performance (Walter and Difonzo, 2007). 
The amino acid composition of the phloem sap has been also related to aphid 
resistance (Table 1). Studies in cereal crops like oats, barley, rice and wheat have shown 
that specific amino acids are correlated with resistance to aphids (Kazemi and van 
Emden, 1992; Weibull, 1988; Weibull, 1994). Wheat resistant cultivars to 
Rhopalosiphum padi had high levels of alanine, histidine and threonine (Kazemi and van 
Emden, 1992) while wheat resistance to Sitobiom avenae was negatively associated with 
ornithine levels (Ciepiela and Sempruch, 1999). In addition, resistance to R. padi in some 
barley species was positively correlated with glutamic acid levels (Weibull, 1994). Rice 
plants resistant to brown planthooper (a phloem sucking insect) had lower levels of 
asparagine and glutamic acid compared to susceptible plants (Sogawa and Pathak, 1970). 
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Studies in legume species such as Vicia faba L. (Holt and birch, 1984) and Pisum sativum 
(Auclair, 1976) have also demonstrated the role of total content of free amino acids and 
amino acid composition in aphid resistance. Vicia faba resistance to A. fabae correlated 
with amino acids that are precursors of proteins (Holt and Birch, 1984); and in pea plants, 
the concentration of the 10 essential amino acids is twice in the susceptible plants than in 
the resistant plants to Acyrthosiphon pisum, with the concentration of asparagine and 
glutamine being more than twice in the susceptible plants than in the resistant plants 
(Auclair, 1976). In melon, a cucurbit species, glutamic acid and cysteine concentrations 
were higher in the Aphis gossypii resistant line than in the susceptible line (Jian et al., 
1997). In addition, resistant and susceptible cultivars may respond differentially to aphid 
infestations. For example, wheat susceptible cultivars when infested with Diuraphis 
noxia showed reduced concentration of asparagine, asparatate and glutamate while 
resistant plants did not change aspartate and glutamate concentration after infestation 
(Telang et al., 1999).  
Although many correlations between amino acid concentrations and resistance 
have been identified, cause-effect relationships need to be addressed in the future. 
Artificial diets mimicking phloem amino acids composition is one possible way to assess 
the casual link of the relationships (Karley et al., 2002). On the other hand, changes in the 
proportion of several amino acids could be carried out using mutants with an abolished 
amino acid transporter gene (Hunt et al., 2006). The identification of amino acids 
involved in soybean aphid resistance is the first step required to conduct future research 
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in this area. Furthermore, recognition of these amino acids is needed to evaluate their 
possible role in defense against soybean aphid.  
 
General objectives 
Host plant resistance is under development for the management of the soybean aphid. 
Evaluation of different sources of resistance under different levels of aphid natural 
infestations in field conditions is needed to better characterize such resistance sources. 
Therefore, one of the general objectives of this thesis is the characterization of 18 
soybean genotypes previously identified to confer resistance to soybean aphid under 
specific condition, in 8 field environments that vary in the level of aphid infestations 
under natural field conditions. Due to the nitrogen limitation to which aphids are 
exposed, nutritional factors may be considered as a valuable basis for host plant 
resistance (van Emden, 2007). The second general objective of this thesis is to evaluate 
the correlation between leaf free amino acid composition and plant resistance in two 
soybean genotypes: a soybean aphid susceptible line and a related soybean resistant line 
with known antibiosis resistance.   
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Table 1: Amino acids requirements and effects on different aphid species.     
 
(+) Positive associations; (-) negative associations. 
rm= Intrinsic rate of growth 
References: (superscripts in parenthesis refer to literature citations) (1) Dixon, 2005; (2) Lackstein and 
Llewellyn, 1974; (3) Wilkinson and Douglas, 2003; (4) Bernays and Chapman, 1994; (5) Douglas, 2006; (6) Srivastava 
et al., 1983; (7) Walter and Difonzo, 2007; (8) Ciepiela and Sempruch, 1999; (9) Hodge et al., 2005; (10) Weibull, 
1994; (11) Kazemi and van Emden, 1992; (12) Jian et al. 1997; (13) Auclair, 1976; (14) Karley et al., 2002. 
Amino acid abbreviations: ALA=Alanine, ARG=Arginine, ASN=Asparagine, BABA=β-aminobutyric acid, 
GABA= γ-aminobutyric acid, GLN=Glutamine, GLU=Glutamic acid or glutamate, GLY=glycine, HIS=Histidine, 
ISO=Isoleucine, LEU=Leucine, LYS=Lysine, MET=Methionine, ORN=Ornithine, PHE=Phenylalanine, PRO=Proline, 
SER=Serine, THR= Threonine, TRP=Tryptophan, TYR=Tyrosine, VAL=Valine. 
 
 
 
 
 
 
 
 
 
Aphid species Essentials Non-essentials
Asociated with 
resistance
Associated with aphid 
performance (rm or 
aphids per plant)
Phagostimulants 
(diet intake)
Myzus Persicae HIS, ISO, LYS, MET (1) (+) GLN, (-) GLU, ASP (14)
HIS, MET 
(2)
ALA, PRO, SER 
(2)
HIS, THR, MET, VAL 
(3)
MET
 (4)
(+) ASP, GLU, PRO 
(6)
(-) BABA 
(9)
Aphis glycines (+) ASP (7)
Sitobiom avenae (-) ORN (8)
(+) GLU 
(10)
(+) ALA, HIS, THR
 (11)
Aphis gossypii (+) GLU, (-) CYS (12)
Amino acids
GABA 
(6)Acyrthosiphon 
pisum (-) ASN, GLN
 (13)
Rhopalosiphum padi
HIS, ISO, LEU, LYS, MET, 
PHE, THR, TRP, VAL 
(5)
ALA, ARG, GLU, 
GLN, ASP, ASN, 
GLY, SER, TYR 
(5)
Aphis fabae PRO, ALA (2)
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Abstract 
Soybean aphid (Aphis glycines) has rapidly spread through the Midwest in the U.S. 
causing consistent yield losses since its introduction. In an effort to find sources of 
resistance to the soybean aphid, several sources have been screened.  A single dominant 
gene that confers resistance by antibiosis mechanism, Rag1 gene, has been identified in          
the cultivar Dowling. Single gene resistance, however, can be easily overcome by new 
aphid biotypes. We measured resistance on 18 soybean varieties across different locations 
and years. Our results showed a significant location by line interaction. Cluster and 
grouping analysis were conducted to evaluate the potential utility of these lines for 
managing soybean aphids. Furthermore, we compared yield and aphid infestation levels 
on a Rag1 genotype and a closely related susceptible line. At multiple locations and two 
years, a split-plot design was used, with soybean lines as the whole plot and insecticide 
use as the subplot, to determine the affect of soybean aphid pressure on the yield response 
for each line. Aphid populations on the susceptible line reached several thousand per 
plant, producing significant reduction in yield. Yield in the Rag1 genotype was not 
significantly different across locations in the Midwest despite aphid populations that 
exceeded the economic injury level. These results suggest that the Rag1 gene may confer 
not only resistance to soybean aphid (aphid numbers per plant) but also tolerance to this 
pest (sustain yield even when infested).  
Keywords:  Soybean aphid, host plant resistance. Rag1 
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Introduction 
Soybean aphid (Homoptera: Apididae, Aphis glycines Matsumura) was first discovered in 
the U.S. in Wisconsin in 2000 and rapidly spread through the Midwest (Ragsdale et al., 
2004). The pest can reduce soybean yield by diminishing photosynthesis rates and/or by 
inducing premature senescence (Macedo et al., 2003). Both effects reduce yield 
components and seed quality (Ragsdale et al. 2007, Beckendorf, 2008). Since its 
introduction in North America, insecticides have been the primary management tool used 
by growers when outbreaks occur (Ragsdale et al. 2007). Such outbreaks are frequent 
despite the impact of predators commonly found in North American soybean fields (Fox 
et al. 2004; Costamagna and Landis, 2006; Schmidt et al. 2008). Although predator 
insects can limit soybean aphid population growth, their impact is limited with 
landscapes dominated by field crops (Gardiner et al. 2008). Parasitoids are very important 
in Chinese soybean fields for aphid control (Miao et al. 2007) but they are missing in the 
natural enemy community of North America (Schmidt et al. 2008, Noma and Brewer 
2008).  Efforts to release exotic parasitoids into North America have begun (Wyckhuys et 
al. 2008).   
Development of resistant cultivars is another option to reduce aphid effects. There 
have been some advances in the identification of sources of resistance that may be 
introgressed in commercial cultivars. For example, Hill et al. (2004) described antibiosis 
sources of resistance to soybean aphids in the cultivars Dowling and Jackson. Two single 
dominant genes, (referred to collectively as resistant A. glycines or Rag genes) have been 
proposed to control soybean aphid resistance in these cultivars (Hill et al., 2006a; 2006b). 
Kang et al. (2008) also found a single dominant gene conferring resistance to aphid in 
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PI243540 and Mensah et al. (2008) found that two recessive genes determine the 
resistance in PI567541B and PI567598B.  
Resistance expression to soybean aphid may depend not only on the plant 
genotype but also on the environment where the crop develops, and on the interaction 
between the two. If this is true, different patterns of resistance could be observed for a 
given genotype, either through the Midwest or in different years due to variations in 
environmental conditions. Another factor that may contribute to this potential interaction 
is the occurrence of soybean aphid biotypes that can reproduce well on soybeans carrying 
the Rag1 gene (Kim et al. 2008).  Studies have identified different sources of resistance 
against soybean aphid, however they were conducted in only one environment (Hesler et 
al., 2007; Hesler and Dashiell, 2007; Mian et al., 2008) or under controlled conditions 
like greenhouse experiments. Ragsdale et al. (2007) analyzed the response of soybean 
yield to soybean aphid infestations across several environments using locally adapted, but 
aphid susceptible cultivars.  
The research reported herein had two main objectives, 1) one was to explore 
interaction effects between soybean genotypes (G) and environments (E) in determining 
plant resistance to soybean aphid, quantified as aphid number per plant. To this end 
different cultivars and Plant Introductions (PIs) were grown in multiple environments 
(defined as the combination of locations and years) exposed to natural aphid infestations. 
The second objective was to estimate the degree of yield protection conferred by a single 
source of resistance, the Rag1 gene, in a subset of environments. We compared a soybean 
variety containing Rag1 to a related line that did not have this resistance, henceforth 
referred to as susceptible. To determine how Rag1 performed across multiple locations 
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and years, yields from the resistant and susceptible soybean lines were left unprotected 
from soybean aphids or repeatedly sprayed with an insecticide to keep insecticide sprayed 
plots nearly free of aphid infestation. The aphid-free treatment on the Rag1 and its related 
susceptible lines was also used to test if there was any yield drag associated with the 
Rag1 gene presence. A relevant contribution of our study was to demonstrate the value of 
host plant resistance evaluated under different environments with variable degrees of 
aphid pressure.   
 
Materials and Methods 
Assessment of resistance to aphid infestation on soybean lines across multiple 
environments  
Soybean lines tracing in their pedigree to different resistance parents were planted at 
different locations in 2007 and 2008 across the Midwest (Table 1). In almost all locations 
three replications of each soybean line were planted within a randomized complete block 
design.  In Michigan State, five and four replications were planted for 2007 and 2008 
respectively. Each plot was 4 rows x 3.6 m long and inter-row spacing of 0.76 m, planted 
at 30 seeds m-2. Standard agronomic practices were used at each location. No seed 
treatment or foliar applied insecticides were used on these soybean lines. 
The number of aphids (all morphologies and stages) was recorded once a week 
throughout the season on 20, 10 or 5 plants per row per plot, depending on aphid density. 
Seasonal exposure to aphids was reported by calculating cumulative aphid-days (CAD) 
as defined in the Equation.  CAD was calculated as the sum of the average number of 
26 
 
aphids per plant multiplied by the consecutive number of days between sampling bouts 
(Hanafi et al. 1989). 
                                       
where x is the mean number of aphids per plant on sample day i, xi-1 is the mean number 
of aphids per plant on the previous sample day, and t is the number of days between 
samples i - 1 and i. 
To determine aphid pressure in a given environment, CAD of all soybean lines in 
the test was averaged at each location and year. Regression analyses were then conducted 
between CAD for individual lines (aphid infestation by line) and aphid pressure (Fig. 1). 
The hypothesis tested was departure from the 1:1 relationship of each genotype at each 
location. Correlation per se was not calculated since both variables share a common term.  
Soybean lines having similar CAD across environments were grouped to conduct 
the genotype by environment analysis. This grouping allowed us to work with a few 
number of groups rather than several individual lines, making the analysis simpler. This 
also, allowed us to eliminate redundant patterns of response associated with the 
individual lines. This approach has been successfully applied in assessing yield response 
of different genotypes among different environmental conditions (Chapman et al. 1997; 
de la Vega et al. 2001). The grouping procedure was a hierarchical cluster analysis 
(Williams, 1976) using the centroid method (Jobson, 1991) to group soybean lines with 
similar level of resistance to the soybean aphid (similar CAD). In order to conduct the 
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cluster analysis a matrix containing CAD values of all lines in each location was 
constructed. A separate cluster analysis was performed in each year because not all lines 
were planted in every year. As the cluster methodology needs a complete data set, for 
those lines that within a year were not present in a location (Table 1), the values for the 
CAD matrix were estimated from the linear regression of aphid infestation on aphid 
pressure (Fig. 1) for that line taking into account all locations/years.  
CAD was log-transformed to make variances more homogeneous. Data were 
analyzed using the SAS software package (SAS institute, Inc). 
 
Single gene resistance and relative yield across environments  
To evaluate the performance of the Rag1 gene across environments, and its effect on 
yield, two related soybean lines R=resistant to aphid with Rag1 gene LD16060 [(Dowling 
x Loda) x SD76R), Backcross 2, F2 derived line], and S=susceptible without Rag1 gene 
SD76R [(Stride x ResnikRR) x Stride] were planted from May to June in 2007 in four 
Midwestern states, Illinois, Iowa, Minnesota and Michigan (two locations: Ingham and 
Saginaw).  In 2008 plantings of the lines were conducted in five states, Illinois, Iowa, 
Minnesota, South Dakota and Michigan (two locations: Ingham and Saginaw). 
Considering both years, a total of 11 environments were used. At each location and year, 
a split-plot design with four blocks was used, with soybean lines as whole plots and 
insecticide as subplots.  Plots were 12 rows wide x 16 m long and inter-row spacing of 
0.76 m planted at 30 seeds/m2. Half of the plots (6 rows wide) were considered as 
subplots and were either untreated with insecticide (later referred to as ‘natural aphid 
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infestation’) or treated with lambda-cyhalothrin at 94.6 ml/acre when more than 50 
aphids per plant were observed.  This were referred to as ‘aphid free’ to simulate an 
environment in which aphids would not pose a threat to the crop. Depending upon 
location, the aphid free subplots received 1 to 3 applications during the growing season. 
The abundance of aphids on all sub-plots was estimated as described in the previous 
section and reported in terms of CAD. 
To determine yield loss in the resistant and susceptible lines in response to different 
levels of aphid infestation, regression analyses were conducted between the two 
variables. Yield expressed on a 13% moisture basis was measured in the four central 
rows of each subplot. Yield loss for each line was estimated as the ratio between yield 
without insecticide application and yield with insecticide applications (relative yield 
(%)). No yield estimates were obtained at the Michigan location 1 (MI07/1). The bilinear 
model in the susceptible line (Fig. 5) was fitted using Table curve 2D v5.01 software 
(Jandel Scientific, 1991). 
CAD was log transformed to meet the assumption of equal variances of ANOVA 
test. Data were analyzed using the SAS software package (SAS institute, Inc) and 
differences were considered significant at P<0.05.  
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Results 
Assessment of resistance to aphid infestation on soybean lines across multiple 
environments  
The 18 lines used in this portion of the research were all naturally infested with soybean 
aphids at each location-year environment (Table 1). In general, the regression analysis of 
aphid pressure by location-year as independent variable vs aphid infestation in each line 
indicated that irrespective of the different resistance sources, lines responded similarly to 
aphid pressure by location-year (Fig. 1).   
 A cluster analysis, conducted for each year individually to simplify comparison of 
different lines, grouped genotypes by aphid infestation similarity taking into account all 
locations (Fig. 2a and 3a). The dendrogram for 2007 which was the first year of 
evaluation revealed four groups of soybean lines (Fig. 2a). Group 1 and Group 2 included 
soybean lines developed in Michigan, E06901, E06905, E06906 and E06902 that have a 
unique source of resistance. Group 3 included genotypes developed in Illinois, containing 
the Rag1 gene, LD16060, LD16529 and LD16611 and other sources of resistance from 
lines developed at Kansas State, K1639 and K5004N, and at South Dakota, SD6813, 
SD6818, SD6819). Group 4 included other materials, LD16519, LD16621 and SD76R, 
without the Rag1 gene, and considered susceptible. Regression analyses between aphid 
pressure by location and aphid infestation by groups as determined by the cluster 
revealed that Group 1 and Group 2 had superior levels of resistance than the other two 
groups (Fig. 2b). Even though the cluster treated the groups as different, the slopes 
(p=0.4128) and intercepts (p=0.09134), however, were not significantly different from 
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each other. Genotypes in Group 3, although  possessing different sources of resistance 
(Table 1), performed at an intermediate level between Groups 1 and 2, and Group 4, this 
latter the  susceptible group. The observation that slopes were not significantly different 
among the four groups, suggests that groups responded similarly to increased aphid 
pressure and that there was not ranking changes between the groups or lines within each 
group. For example, lines within group 1 were the most resistant lines under all different 
aphid pressures observed in this study. However, the intercepts showed a significant 
difference when comparing all groups except the comparison of intercepts between group 
1and 2 which is not significantly different as was stated above, reflecting the differences 
in average resistance across environments.  
The dendrogram for 2008 (Figure 3a) reveled three clusters. Groups in 2008 were 
different compared to the 2007 cluster, probably due to addition of new lines from 
Michigan (E07906 and E07901) and Illinois (SD16137) and the removal of others 
(E06905, E06906, K1639, KS5004N, SD6813, SD6818, SD6819) (Table 1). Lines 
E06901 and E07906 were separated at the level of cut off defined to separate groups or 
clusters but we decided to include them into the same group. The reason was because 
both lines were highly resistant particularly E07906, which was superior at all locations 
except for Iowa and Wisconsin. Therefore, these two lines were grouped into the same 
resistant group, Group 1. Group 2 includes lines carrying the Rag1 gene, LD16060, 
LD16529 and LD16611, one new line developed in Illinois, SD16137 and two lines 
developed in Michigan, E07901 and E06902. Group 3 contains Illinois lines without 
resistance, LD16519, LD16621 and SD76R. Regression analyses between aphid pressure 
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by location and aphid infestation by groups (Figure 3b) showed that lines in group 1 were 
the most resistant, also as expected the most susceptible lines were in group 3. Group 2 
had an intermediate performance between groups 1 and 3. There were no significant 
differences in slopes among all three groups, the intercepts, however, were all 
significantly different from each other. As in 2007, there was no change in the ranking of 
groups across environments in 2008.  
Single gene resistance and relative yield across environments  
Aphid infestation levels in the resistant (LD16060) and susceptible (SD76R) lines across 
locations-year indicated the resistant line had significantly (P<0.05) less number of 
aphids (smaller logCAD) compared to the susceptible line in all location-year 
combinations,  except in MI07/2, MI08/1 and MI08/2, in which differences were not 
significantly different (Fig.4) (location/year by line interaction p<0.0047).  The effect of 
the Rag1 gene on yield across different Midwest locations and years indicates a 
significant location by line interaction (p=0.0009) (Fig. 5). The resistant line showed no 
changes in relative yield at increasing levels of aphid infestation. One of the locations 
could not be included in the analyses, MI08/1, because it was severely infested with 
Japanese beetle (JB) (Chandrasena et al., personal communication). The infestation by JB 
might have confounded soybean aphid effect in the model.  
 The susceptible line showed significant yield loss that increased as a function of 
aphid infestation (Fig. 5).  The increase in yield loss up to 42%, was observed when the 
CAD value reached 151,355 aphids/plant (logCAD = 5.18). Relative yield of the 
susceptible line was similar to that of the resistant line when the CAD value was below 
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4073 aphids/plant (logCAD= 3.61), which is shown in Fig. 5, during the constant phase. 
Above this level, the relative yield drops significantly with increases in aphid infestation 
(Fig. 5, linear phase). A test conducted to determine if yield drag could be associated with 
Rag1 (Table 2), indicated that there was no such an effect at any location-year 
environment tested.    
 
Discussion 
Soybean aphid management has received considerable attention due to the significant 
yield losses that this pest can cause. In addition, being a new pest introduced to the U.S., 
no resistant cultivars were available to protect soybean yields and control the aphid 
population.  It was necessary then to initiate the search for sources of genetic resistance 
that eventually could be introgressed into commercial lines.        
 Genotypic evaluation of lines has been conducted, in general, in individual 
environments, or under fixed aphid pressure, with results that not always may be 
extrapolated to natural conditions. A broad study under natural aphid infestation 
throughout different environments, involving exposure to different aphid pressures, had 
not been previously attempted. Different environments may change the relative 
performance of a soybean aphid resistant line. Additionally, it is not yet known the extent 
of biotype variability of soybean aphid present across the Midwest.  In the study reported 
herein, we performed a detailed characterization of the relative performance of various 
soybean genotypes subjected to different levels of aphid pressure at multiple locations-
years, using regression and clustering analyses to identify groups of lines with similar 
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performance across such environments. In our study, performance of resistant soybean 
genotypes was consistent across multiple locations and years.  Our results suggest that the 
current distribution of soybean aphid biotypes that can survive on resistant soybeans may 
be limited.   
 Identification of resistant genotypes is a first step required to understand the 
mechanism of resistance. We identified genotypic groups with different levels of 
resistance to soybean aphids, and as expected lines with the same source of resistance 
clustered in the same group. Interestingly, in the second year, lines developed in 
Michigan grouped together with a line from Illinois carrying the Rag1 gene (LD16060) 
suggesting that among the lines analyzed in 2008, LD16060 performed better compared 
to the first year of evaluation (in four of the seven locations the number of aphids was 
lesser in LD16060 in 2008 than in 2007). In addition, E06902 was more infested in four 
of the seven locations in 2007 than in 2008. Even though we observed small differences 
in grouping between years, we can distinguish lines with consistent different levels of 
resistance.  
 Regression analyses between groups in both years of evaluation showed no 
changes in the ranking of groups in response to increasing aphid pressure. Lines 
developed in Michigan were among the most resistant lines with few aphids per plant. 
Following this group were the Illinois lines carrying the Rag1 gene and lines developed 
in South Dakota and Kansas, and finally the susceptible lines.    
 We observed varying degrees of aphid population outbreaks across multiple 
environments, and all lines analyzed responded in a similar fashion to these outbreaks. 
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The rate of increase (Fig. 2b and 3b) was similar for all the groups determined by cluster 
analysis. The simplest explanation for this result is that the main resistance component in 
all the lines studied is based on an antibiosis mechanism, although other hypotheses in 
which the observed behavior is the result of antibiosis and antixenosis equilibriums that 
change in different environments cannot be discarded. Further studies with these 
materials will help elucidate the mechanisms of resistance.  
The performance of the Rag1 gene was consistent across different levels of aphid 
pressure. Again, the resistant line was never aphid free, but had significantly lower 
soybean aphid populations than the susceptible line except for locations that experienced 
low aphid pressure (MI07/2, MI08/1 and MI08/2) (Fig.4). We observed significant yield 
losses on the susceptible line (up to 42%) as aphid infestation increased beyond 4073 
CAD/plant (logCAD= 3.61) while the resistant line, which was exposed to high levels of 
aphid infestation, did not show significant changes in relative yield. Based on the 
regression analysis (Fig. 5) only 35 % of the relative yield was explained by aphid 
pressure increases on the resistant line, while 92 % of the relative yield was explained by 
aphid pressure increases in the susceptible line. Although the Rag1-containing line 
experienced a significant aphid infestation at multiple locations, it did not suffer a 
significant loss in yield. Constant yield at increasing levels of a pest is defined as 
tolerance. We suggest that that in addition to antibiosis resistance, Rag1 may also confer 
tolerance to aphid infestations. In addition, we did not find any yield drag associated with 
the Rag1 gene, suggesting that the incorporation of the gene does not have an effect on 
any other trait that could affect yield.  
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Conclusion 
Our work identified groups of lines with different performance under aphid infestation. 
Further studies can now be done with these lines given the different levels of resistance 
the lines displayed against soybean aphids. We consider of significant importance the line 
LD16060 carrying the Rag1 gene, which showed tolerance to soybean aphid. Some of the 
advantages of this type of response are that the occurrence of new aphid biotypes, as the 
ones described by Kim et al. (2008), may not have a detrimental effect in terms of yield 
losses in these lines. In addition, the economic threshold, which determines insecticide 
applications, may rise in lines with tolerance response.  
 The implementation of soybean aphid tolerance also may have an ecologic impact 
on natural enemies populations compared to the use of resistant lines. Soybean tolerant 
varieties may help to maintain aphid’s natural enemies in areas surrounding them 
diminishing the ecological impact caused by resistance. Research in these lines in 
particular is needed to identify the mechanism responsible for resistance and tolerance to 
finally incorporate the gene(s) in commercial soybean varieties to improve soybean 
production. 
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Table 1: Soybean lines and pedigree tested during 2007 and 2008. (–) and Est. means no 
data or data estimated from the regression equation, respectively. IA=Iowa, IL=Illinois, 
MI=Michigan, WI=Wisconsin, SD=South Dakota and MN=Minnesota.  
 
IA IA IL IL MI WI SD MN
 Curtiss Nashua Morrison Urbana East Lansing Verona Aurora Lamberton
E06901
(Titan RR x  PI 67598B)
E06905
(Titan RR x PI 67598B)
E06906
(Titan RR x PI 67598B)
K1639
(R93-174 x Northrup King s59-60)
K5004N
(KS5292 x SC91-2007)
LD16519
(Dowling x Loda(4)) 
LD16529
(Dowling x Loda(4))
 
LD16611
((Dowling x Loda) x Dwight(3))
LD16621
((Dowling x Loda) x Dwight(3))
SD6813
(SDX00R-039-42 x PI71506)
SD6818
(SDX00R-039-42 x PI71506)
SD6819
(SDX00R-039-42 x PI71506)
E6902 08 
(Titan RR x PI 67598B) (Est. 07)
LD16060 08 
((Dowling x Loda) x SD01-76R(3)) (Est. 07)
SD76R 08 
((Stride x ResnikRR) x  Stride) (Est. 07)
E07901
(PI 567597C x Titan)
E07906
 ( SDX00R-039-42 x PI 567541B)
SD16137
SD76R (3)  x (Loda x Dowling)
-----
-----
-----
-----
-----
-----
-----
-----
-----
Line (pedigree)
Location
07/08 07/08 07/08 07/08 07/0807 07/08
07
08
07 07 07 07 07 07 07
07 07 07 07 07 07
07
07 07 07 07 07 07 07
07 07 07 07 07 07
08
07/08 07/08 07/08 07/08 07/08 07/08
07/08 07/08 07/08 07/08 07/0807/08Est. 07
Est. 07 Est. 08
08
07/08 07/08 07/08 07/08 07/08 07/08 08
07/08 07/08 07/08 07/08 07/08 07/08Est. 07
Est. 07
07
07 07 07 07 07 07 07
07 07 07 07 07 07
07
07/08 07/08 07/08 07/08
07/0807/0807/0807/0807/08
07 07 07 07 07 07
Est. 07
Est. 07
08
08
08
0808 08
07/08 07/08 07/08 07/08 07/08
07/08
Est. 07
08 08 08 08 08 08
08
08
08
08 08 08
08 08 08 08 08 08
-----
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Table 2: ANOVA table for yield drag associated with Rag1 gene. In this analysis, yield 
values when insecticide was applied in both (susceptible and resistant) lines were used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source DF Anova SS     Mean Square F value Pr > F
location 8 35660796.72 4457599.59 34.46 <.0001
line 1 93221.78 93221.78 0.72 0.3997
location*line 8 1362099.03 170262.38 1.32 0.2555
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Figure 1: Linear regression between aphid pressure in each location-year combination 
(see table 1) and aphid infestation in each line. All replicates were depicted in the figure.   
Figure 2: Clustering of lines based on logCAD similarity during 2007 growing season 
(a). Linear regression between aphid infestation for each group and aphid pressure in 
each location (see table 1, all locations except MN) (b).  For (b) each point is the average 
of lines that belong to each group.  
Figure 3: Clustering of lines based on logCAD similarity during 2008 growing season 
(a). Linear regression between aphid infestation for each group and aphid pressure in 
each location (see Table 1), all locations except Urbana (IL) (b). For (b) each point is the 
average of lines that belong to each group.  
Figure 4: Average aphid infestation in the resistant (LD16060) and the susceptible 
(SD76R) lines across locations and years. Different letters represent significant 
differences between lines at each location. Bar indicates average ± standard error (n=4).  
Figure 5: Linear regression between relative yield and aphid infestation in the resistant 
(LD16060) and the susceptible (SD76R) lines across locations/years. Data are mean ± 
standard error (n=4). For the resistant line y=-2.86x + 102.41, r2=0.35 (not significant). 
For the susceptible line in the constant phase y= a + b*c and in the linear phase y= a + 
b*x. a=202.48, b=-28.8 and c=3.61, r2=0.92. 1= MI 2008 second location (Saginaw), 2= 
MI 2008 first locations (Ingham), 3= MI 2007 second location, 4= IL 2007, 5= MN 2007, 
6= IL 2008, 7= SD 2008, 8= IA 2007, 9= MN 2008 and 10= IA 2008.   
42 
 
Figure 1 
 
  
y = 1.2982x - 1.6785
R² = 0.8159
0
2
4
6
E06901
y = 1.2151x - 1.49
R² = 0.7929
E06905
y = 0.8062x + 0.1595
R² = 0.5773
E06906
y = 1.0259x - 0.081
R² = 0.8736
0
2
4
6
K1639
y = 1.068x + 0.0166
R² = 0.8544
K5004N
y = 0.9127x + 1.0249
R² = 0.7444
LD16519
y = 0.9499x + 0.374
R² = 0.8942
0
2
4
6 LD16529
y = 1.0006x + 0.1398
R² = 0.7987
LD16611
y = 0.9312x + 0.8295
R² = 0.732
LD16621
y = 0.616x + 1.2466
R² = 0.3645
0
2
4
6 SD6813
y = 0.9323x + 0.4378
R² = 0.9008
SD6818
y = 0.7144x + 1.0198
R² = 0.6485
SD6819
y = 1.1093x - 0.6794
R² = 0.8129
0
2
4
6 E6902
y = 0.9862x - 0.0562
R² = 0.8581
LD16060
y = 0.8938x + 0.87
R² = 0.81
SD76R
y = 1.0109x + 0.2581
R² = 0.8705
0
2
4
6
0 1 2 3 4 5
E07901
y = 0.9849x - 1.3746
R² = 0.633
0 1 2 3 4 5
E07906
y = 0.9314x - 0.1102
R² = 0.7428
0 1 2 3 4 5
SD16137
A
p
h
id
 in
fe
st
a
ti
o
n
 b
y
 li
n
e
 (
lo
g
C
A
D
)
Aphid pressure by location/year (logCAD)
43 
 
Figure 2 
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Figure 3 
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Figure 4  
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Figure 5 
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CHAPTER 3: Constitutive and induced differential accumulation of free 
amino acids in leaves of susceptible and resistant soybean plants in response 
to the soybean aphid  
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Abstract 
Aphids feed primarily from the phloem sap which contains sugar and nitrogenous 
compounds. Free amino acids are the primary mobile nitrogenous compounds in the 
phloem and the most relevant measurement of nitrogen available for phloem sucking 
insects. In this research, we tested the hypothesis that genotypic differences in soybean 
aphid resistance are related to host quality in terms of leaf free amino acids composition. 
To test this hypothesis we evaluated two closely related soybean lines susceptible and 
resistant to Aphis glycines, at three soybean developmental stages under field conditions 
in two years. To distinguish between genotypic differences from induced responses to 
aphid feeding, we kept plots free of aphids using insecticide applications. Our results 
indicated that susceptible and resistant plants have different amino acids composition 
despite of the aphid presence (soybean line main effect). In addition, plants infested with 
aphids have different amino acids composition than plants that were not infested despite 
of the line (resistant or susceptible) (insecticide treatment main effect). Furthermore, the 
concentration of particular amino acids was more affected in the susceptible line 
compared to the resistant line indicating a significant interaction effect for some amino 
acids. We identified amino acids that could be involved in resistance to soybean aphid 
associated with the nutritional quality of the host. Further research is needed to evaluate 
the putative mechanism of action of these amino acids. 
 
Keywords: Amino acids, soybean aphid resistance,  
49 
 
Introduction 
Antibiosis and antixenosis are two distinct plant defense mechanisms against insects. 
Antixenosis mechanisms have been associated with morphological and chemical 
defenses. Morphological defenses comprise plant trichomes, surface waxes or tissue 
thickness. Chemical defenses involve repellents (volatile compounds), feeding deterrents 
and feeding inhibitors (Smith, 2005a). The final effect of any of these antixenosis 
defenses is the inhibition of insect settlement on the plant providing resistance to 
colonization (Van Emden, 2007). On the other hand, antibiosis mechanisms have been 
associated with the production of allelochemicals (toxins or growth inhibitors), non-
protein amino acids, reduced levels of nutrients (host quality) as well as the 
hypersensitive response of blocking phloem sieve pores during aphid feeding (Smith, 
2005b). These antibiotic mechanisms allow the settlement of insect population in the host 
but reduce insect survival, growth and fecundity (Van Emden, 2007). 
Aphids feed from the phloem sap which provides carbohydrates and nitrogenous 
compounds (Montllor, 1989). Nitrogen moves in the phloem primarily in the form of free 
amino acids (Wilkinson and Douglas, 2003), although the total amount of amino acids 
present in phloem sap is low. Amino acids concentration is a limiting factor for aphid’s 
growth (Dixon, 1998). Free amino acids are therefore the most relevant measurement of 
nitrogen available for phloem sucking insects (Montllor, 1989). The source of free amino 
acids for aphids comes not only from the diet but also from the symbiotic bacteria 
Buchnera sp. The complete genome of the bacteria has been sequenced and even though 
genes coding for amino acids have been found (Shigenobu et al., 2000), the bacteria is 
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not able to provide aphids with all the amino acids required for survival; some of the 
amino acids must to be taken from the plant.  
Free amino acid composition in terms of nutritional quality for aphids involves 
protein amino acids or building block of proteins. However, non-protein amino acids 
were found to be a component of the phloem sap as well (Dixon, 1998). These 
compounds may act as feeding deterrent, feeding stimulants (Montllor, 1989; Srivastaba 
et al., 1983), defensive chemicals (toxins) against aphid attack (Dixon, 1998) or other 
stresses (Montllor, 1989) and be precursors of neurotoxins or substrates analogues of 
protein amino acids (Douglas and van Emden, 2007).        
The amino acid composition of the phloem has been related with host plant 
resistance. Studies in cereal crops as oats, barley, rice and wheat have demonstrated that 
specific amino acids are correlated with resistance to aphids (Kazemi and van Emden, 
1992; Weibull, 1988; Weibull, 1994). Studies in legume species like Vicia faba L. (Holt 
and Birch, 1984) and Pisum sativum (Auclair, 1976) have also shown the role of total 
content of free amino acids and amino acids composition in aphid resistance. Resistance 
to Acyrthosiphon pisum in 22 Vicia species was positively correlated with the 
concentration of protein amino acids in the leaves while resistance to Aphis fabae and 
Megoura viviae was positively correlated with non-protein amino acids (Holt and Birch, 
1984). On the other hand, wheat plants resistant to Sitobion avenae was negatively 
correlated with specific non-protein amino acids (Ciepiela and Sempruch, 1999).  
The amino acid composition of the phloem has been used not only to explore host 
plant suitability comparing different plant species or cultivars (Wilkinson and Douglas, 
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2003; Holt and Birch, 1984) but also to investigate how phenological variations in amino 
acid composition within species determine different seasonal aphid performance 
(Weibull, 1987; Karley et al., 2002). Studies on artificial diet intake by Aphis fabae 
demonstrated the role of specific amino acids as phagostimulants (Leckstein and 
Llewellyn, 1974). Thus, it is believed that phagostimulant amino acids may play a role in 
host selection by eliciting feeding and oviposition (Bernays and Chapman, 1994). 
Due to their ability to feed directly from the phloem and their rapid reproduction, 
aphids are some of the most important crop pests around the world (Goggin, 2007). The 
soybean aphid, Aphis glycines, is an important soybean pest first discovered in the U.S. in 
2000. It rapidly colonized Midwestern states causing dramatic yield losses (Ragsdale et 
al., 2007; Beckendorf, 2008). A possible role of nitrogen nutrition on aphid performance 
was recently described in soybean (Walter and DiFonzo, 2007). Soybean plants growing 
in potassium deficient soil support a higher rate of soybean aphid population growth than 
non-stressed plants (Myers et al., 2005; Walter and DiFonzo, 2007). The higher rate of 
aphid growth on potassium deficient plants was attributed to a higher concentration of 
asparagine in these plants (Walter and DiFonzo, 2007).  
In order to determine the importance of free amino acids in determining host 
nutritional quality in soybean we explore free amino acids composition in the leaves of 
two closely related soybean lines: susceptible and resistant to Aphis glycines, at three 
soybean developmental stages under field conditions in two years. The resistant line 
carries the Rag1 gene, a single dominant gene known to confer resistance to soybean 
aphid by antibiosis mechanism (Hill et al., 2006). We analyzed differences in amino acids 
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composition between lines regardless of aphid presence (constitutive differences) and in 
response to natural aphid infestation regardless of the lines evaluated (inducible 
response). In addition, differential changes in amino composition in response to aphids in 
the resistant and susceptible lines were analyzed (soybean line by insecticide treatment 
interaction).   
 
Materials and Methods 
Soybean aphid quantification  
 Two soybean related lines (resistant and susceptible) were evaluated at the Iowa State 
University Curtiss Research Farm, located in Boone County, Iowa in 2007 and in 2008. 
The resistant line LD16060 [(Dowling x Loda) x SD76R), Backcross 2, F2 derived line] 
carries the Rag1 gene and the susceptible line SD76R [(Stride x ResnikRR) x Stride)] 
without the Rag1 gene. Both lines were developed and provided by Dr. Brian Diers 
(University of Illinois).   
A split plot design with four blocks was used to evaluate the number of aphids per 
plant and the free-amino acid composition of leaves. The resistant and the susceptible 
soybean lines were planted in whole plots at a rate of 30 seeds/m2 with 12 rows wide by 
16 m long and inter-row spacing of 0.76 m. Whole plots were split into two subplots of 6 
rows each randomly assigned either kept aphids free with insecticide applications 
(lambda-cyhalothrin at 94.6 ml/acre when aphids>50 per plant) or left insecticide free to 
allow for naturally occurring A. glycines populations. A. glycines populations (number of 
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aphids per plant) were monitored every 7 d by randomly selecting a row and distance into 
each subplot.  The total number of soybean aphids (nymphs and adults) was counted for a 
variable number of plants, beginning with 20 when less than 50% of plants were infested 
with aphids, increasing to 10 plants per plot when infestations were found on more than 
50%.  When more than 80% of plants were aphid infested, 5 plants were counted per 
plot.   
We reported the average number of aphids per plant throughout the season and 
the total seasonal exposure to aphids by calculating cumulative aphid-days (CAD 
Equation) from the sum of the average number of aphids per plant multiplied by the 
consecutive number of days between sampling bouts (Hanafi et al. 1989). 
         
where x is the mean number of aphids per plant on sampling day i, xi-1 is the mean 
number of aphids per plant on the previous sampling day, and t is the number of days 
between samples i - 1 and i. A logarithmic transformation was applied to CAD values to 
meet the ANOVA assumption of equal variances. The data was analyzed using ANOVA 
procedure (SAS software, 9.1) to compare either number of aphids per plant between 
susceptible and resistant lines or log-CAD at each time point and year.  
Amino acids extraction and analysis 
Leaf tissue samples were collected at three developmental stages from the same subplots 
where the aphid quantification was done: V6 (vegetative), R2 (flowering) and R4-R5 
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(full pod-beginning seed) (Fehr and Caviness, 1977) to account for variations in leaf free-
amino acids composition with the development of the plant that could explain differences 
in aphid performance (Karley et al., 2002; Weibull, 1987; Elefthrianos at al., 2006).   
At each developmental stage and for each subplot, the central leaflet of the 
uppermost fully developed leaf of three different plants was detached, wrapped in 
aluminum foil and immediately submerged into liquid nitrogen. The three leaflets were 
ground together using liquid nitrogen. The ground tissue, 50 mg, was placed in 1.5 ml 
tube and stored at -80C for further amino acids extraction. The amino acid extraction was 
conducted using EZ:faastTM kit for free amino acids analysis by GC-FID (Phenomenex, 
KGO-7165). Tissue was treated with 300 ul of 10 % TCA plus 50 ul of kit Reagent no. 1 
(Internal standard). After vortex a few seconds the sample was centrifuged 3 minutes at 
10,000 rpm and the supernatant was collected in a new 1.5 ml tube. The supernatant was 
centrifuged again at 10,000 rpm for 3 minutes and the supernatant was placed in a glass 
vial. Steps 3 to 13 from the kit user’s manual were followed for amino acids extraction.  
Calibration solutions were used as specified in the kit user’s manual except that 
we used 50 ul Reagent 1 and two standard solutions (SD1 and SD2). Standard solutions 
were used to identify the amino acids and to estimate the concentration of amino acids in 
the samples. We were able to detect 24 amino acids: AAA (α-Aminoadipic acid), ABA 
(α-Aminobutyric acid), ALA (Alanine), ASN (Asparagine), ASP (Aspartic Acid), BAIB 
(β-Aminoisobutyric acid), GLN (Glutamine), GLU (Glutamic Acid), GLY (Glycine), 
HIS (Histidine), HYP (4- Hydroxyproline), LEU (Leucine), LYS (Lysine), MET 
(Methionine), ORN (Ornithine), PHE (Phenylalanine), PRO (Proline), SAR (Sarcosine), 
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SER (Serine), TRP (Tryptophan), VAL (Valine), THR (Threonine), ILE (Isoleucine), 
TYR (Tyrosine). The data was analyzed using ANOVA procedure (SAS software, 9.1) 
with years, soybean lines and insecticide treatments as factors. We reported amino acids 
concentration that showed significant line main effect, insecticide treatment main effect 
and line by treatment interaction at each soybean developmental stages. When soybean 
stage was included as factor, all amino acids showed significant interactions among 
developmental stages and the other factors, such as lines, insecticide treatment and years. 
Hence, data were analyzed separately by soybean stage. Here, we reported results of 
amino acids composition changes consistent across years.        
 
Results 
Soybean aphid quantification  
Natural aphid infestations reached 3,400 aphids per plant in the susceptible line and 784 
in the resistant line in 2007. In 2008 natural aphid infestations were higher reaching 6,400 
aphids per plant in the susceptible line and 2,460 in the resistant line. Different aphid 
infestation levels in 2007 and 2008 could be explained on the basis of differences 
climatic conditions that may have affected rate of aphid population growth, total period 
for aphids growing and migration rate. While 2007 was an average year for climatic data, 
2008 had heavy spring rains which caused delayed plantings. The spring rainy period was 
followed by a summer with below-average temperatures further retarding plant growth 
compared to other growing seasons that had temperatures closer to normal averages.  
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Even though the maximum number of aphids per plant was higher in the 
susceptible line compared to the resistant line in both years of evaluation, the mean 
number of aphids per plant between susceptible and resistance lines was not statistically 
significant for some time points at which the counting was conducted (Fig 1 a,c). We 
then calculate CAD values to account for the total exposure of lines to aphids (log-CAD) 
and differences between the lines were most notorious (Fig.1 b,d).  
 The yield data indicated yield loss in the susceptible line exposed to aphids of 
44% for 2007 and 42% for 2008 (data not shown). In contrast, yield loss in the resistant 
line exposed to aphids was 12% in 2007 and 11% in 2008 (data not shown). Higher yield 
losses in the susceptible line compared to the resistant line are likely to be due to different 
levels of aphids infestation suffered by the lines confirming that lines were differently 
infested with aphids.  
Amino acids composition  
Free-amino acids composition of leaves at vegetative soybean developmental stage (V6)  
At V6, all amino acids, except BAIB, differ in concentration between 2007 and 2008. 
With the exception of GLY, SAR and SER, all other amino acids were at higher 
concentrations in 2008 compared to 2007 (data not shown) (year main effect). In spite of 
climate variation between years we were able to detect differences in susceptible vs. 
resistant plants for some of the amino acids (line main effect). ABA, ASP, GLU and PRO 
were at higher concentration in the susceptible genotype compared to resistant plants, 
while TRP showed the opposite trend (Fig. 2a). In addition, even though aphid numbers 
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per plant were low at this stage, there was an effect of aphids on amino acids 
concentration (insecticide treatment main effect). Plants that were exposed to aphids had 
lower concentrations of GLU and ASN compared to insecticide treated plants irrespective 
of year and plant genotype (Fig. 2b). No line by treatment interaction was found at this 
soybean developmental stage. 
Free-amino acids composition of leaves at flowering soybean developmental stage (R2)  
At R2 all amino acids were at higher concentrations in 2008 compared to 2007, except 
GLN which showed similar concentration for both years (Fig 3) (data not shown). 
Despite the year effect, there was a significant difference in amino acids composition 
between resistant and susceptible plants (line main effect). ORN, PRO, TYR and GLU 
were at higher concentrations in the susceptible plants compared to the resistant plants 
(Fig. 3a). Differences in amino acid composition also varied between plants infested with 
aphids vs. plants that were sprayed with insecticide indicating an aphid effect in the 
amino acid composition (insecticide treatment main effect). ILE, ORN, TRP, TYR and 
HIS were at higher concentrations in plants that were infested with aphids (Fig. 3b). 
Interestingly at this stage two amino acids showed changes in concentration in response 
to aphid presence but the effect was different in the resistant line compared to the 
susceptible line (line by treatment interaction). While the resistant line showed no 
changes in the concentration of ALA and LEU when aphids were present, the 
concentration of both amino acids increase in the susceptible line in the presence of 
aphids (Fig. 3c).         
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Free-amino acids composition of leaves at full pod-beginning seed soybean 
developmental stage (R4-R5)  
At R4-R5 soybean stage, the concentration of HIS, SER, TYR and ASN was not different 
between years; however, changes in concentration were observed for all others amino 
acids. The remaining amino acids were at higher concentrations in 2008 compared to 
2007, except for SAR and BAIB that showed the opposite trend (data not shown) (year 
main effect). At this stage, differences in amino acids composition between resistant and 
susceptible plants were found in only two amino acids (line main effect) and the trend 
observed was opposite compared to the previous stages. ABA and GLN were at higher 
concentrations in the resistant line compared to the susceptible line (Fig. 4a). Aphid 
presence also changed the amino acid composition of leaves (insecticide treatment main 
effect). AAA, ALA and PHE were at higher concentration when aphids were present 
while GLU showed lower concentration (Fig. 4b). Differential response to aphid presence 
between resistant and susceptible lines was also found. Aphid presence decreased the 
concentration of ASP only in the susceptible line while ASP concentration did not 
changed in the resistant line in response to aphids infestation (Fig. 4c). On the other hand, 
the concentration of THR was higher when aphids were present in both the resistant and 
the susceptible lines but the change was larger for the susceptible line compared to the 
resistant line (Fig. 4c).             
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Discussion 
We observed significant fewer aphids per plant on the resistant line vs. the susceptible 
line. However, despite the presence of the Rag 1 gene, we found high aphid population 
levels on the resistant line. We detected consistent differences in amino acid composition 
between the resistant and the susceptible lines at all of the soybean developmental stages 
considered in this study. In general for all amino acids with differences between lines and 
at early stages (V6 and R2) the susceptible line had higher concentration values. On the 
other hand, at the end of season some amino acids had higher concentration in the 
resistant line. These results suggest that amino acids higher in concentration in the 
susceptible line early in the season like ABA, ASP, GLU, ORN, TYR and PRO could be 
associated with nutritional quality, and could be important in determining host suitability. 
For example, ASP, GLU and PRO can support growth and prolonged survival of 
Acyrthosiphon pisum (Srivastava et al., 1983), and omission of PRO in artificial diets 
reduced the size of adult alatae of Aphis fabae (Leckstein and Llewellyn, 1974). Thus, 
nutritional differences between susceptible and resistant lines could explain in part a 
better aphid performance on the susceptible line than in the resistant line. The lower 
concentration of these amino acids and a decline in aphid population is consistent with 
the antibiotic effect of Rag 1 to aphids.  
In addition, insects have the ability to recognize suitable hosts through chemical 
recognition that leads to increased feeding, and many amino acids can act as 
phagostimulants (Chapman, 2003). Our results identified some amino acids having high 
concentration in the susceptible line (protein and non-protein amino acids) that could be 
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tested in further experiments for their role as feeding stimulants. There is evidence that 
PRO function as phagostimulant for A. fabae (Lackstein and Llewellyn, 1974) and that γ-
aminobutyric acid (GABA) showed phagostimulant activity for Acyrthosiphon pisum 
(Srivastava et al., 1983).  
In contrast with our results of positive association between susceptibility and 
increased amino acid concentration for non-protein amino acids (ORN, ABA), Ciepiela 
and Sempruch (1999) found that ORN levels were negatively correlated with aphid 
performance in wheat resistant to Sitobion avenae, suggesting that, in this case, ORN 
plays a role other than phagostimulation. The same authors found no correlation between 
the levels of γ-aminobutyric acid (GABA) and aphid performance, while Hodge et al. 
(2005) showed that β-aminobutyric acid (BABA) suppresses the performance of  the pea 
aphid (Acyrthosiphon pisum) when it is applied to legumes. These contradictory results 
suggest that the relationship between amino acid concentration and aphid performance 
may be species specific, or that the effect of individual amino acids could be affected by 
the presence of other amino acids in the plant (Chapman, 2003).  
Following this logic, we could assume that at the end of the season (R4-R5), the 
resistant line was more suitable for aphids because it had higher concentration of ABA 
and GLN than the susceptible line. However, this late improvement in nutritional quality 
(GLN) and attractiveness (ABA) of the resistant line is available for the aphid population 
when it was already settled on a better host (the susceptible line, early in the season). This 
hypothesis is compatible with the observation that while the population of aphids on 
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susceptible plants declined late in the season, the population of aphids growing on 
resistant plants continue to increase in the same period of time, or decreased later.   
Studies on other plant and insect species have also found correlations between 
amino acid composition of resistant and susceptible plants and aphid performance. In 
accord with our results, rice plants resistant to the brown planthopper (Nilaparvata 
lugens) (a phloem sucking insect) had lower levels of ASN and GLU compared to 
susceptible plants (Sogawa and Pathak, 1970).  Previous research in other legume species 
also supports our results. For example, resistance to A. fabae was positively correlated 
with protein and non-protein amino acids in Vicia species (Holt and Birch, 1984) and the 
concentration of the 10 essential amino acids was found to be twice as high in the 
susceptible Pisum sativum plants as in the resistant varieties, with the difference for ASN 
and ASP being even larger (Auclair, 1976). On the other hand, and in contrast with our 
results, wheat cultivars resistant to Rhopalosiphum padi had high levels of ALA, HIS and 
THR (Kazemi and van Emden, 1992) and resistance to R. padi in some barley species 
was positively correlated with GLU levels. In addition, in a cucurbit species (melon, 
Cucumis melo L.), GLU was higher in the Aphis gossypii resistant line than in the 
susceptible line (Jian et al., 1997).  
The presence of aphids was also found to influence the amino acid composition of 
soybean leaves at all soybean stages with a more notorious effect at the reproductive 
stages. Early in the season, the concentration of ASN and GLU was reduced in response 
to aphid infestation. Since the resistant line has lower GLU concentration, the reduction 
of GLU in the presence of aphids could be seen as part of the plant defense response to 
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aphid colonization, suggesting that Rag1 resistance is in part constitutive. Previous 
studies showed that ASN was the only amino acid that positively correlated with aphid 
performance in soybean plants under potassium deficiency (Walter and Difonzo, 2007). 
Hence, reduction in ASN and GLU could be seen as a plant defense response to aphid 
colonization very early in the season when aphids are at low but sufficient density to 
elicit a plant response. Similar results were observed in wheat plants susceptible to 
Diuraphis noxia, decreases of ASN, ASP and GLU were observed at 7 and 10 days after 
infestation by the insect (Telang et al., 1999). This early plant defense response 
(reduction in ASN and GLU) could not be enough to totally impair aphid growth and 
reproduction, since aphid infestation was observed during the following developmental 
stages. Interestingly, at R2 and R4-R5 all amino acids that responded to aphid infestation 
showed higher concentration when aphids were present, indicating a contrasting response 
compared to the one observed early in plant development. It has been proposed that 
aphids are able to suppress effective defense responses through the elicitation of “decoy 
defense pathways” (Walling, 2008), which not only reduce the ability of the plant to fight 
the pest, but also produce changes in plant metabolism that result in an increase in 
nutritional value for the aphid (Goggin, 2007). Following this idea, we hypothesize that 
aphids elicit plant defenses at early stages of infestations. This was observed in our work 
as a decrease in the nutritional value of the plant; however, after the population of aphids 
reaches a certain critical number the insects are able to elicit changes in the plant. These 
aphid-infestation-induced-changes suppress effective plant defenses and result in 
improved nutritional value of the plant for the aphid population. Thus, the observed 
changes in amino acids composition at later stages would favor their growth and 
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reproduction. This idea is also supported by the observation that several amino acid 
changes occurred only in susceptible but not in resistant plants. 
As stated before, a possible role of protein and non-protein amino acids that 
increase in response to aphids is as feeding stimulants. Among the amino acids that 
change late in plants colonized by aphids is ALA, an amino acid that was found to be 
phagostimulant for Aphis fabae (Lackstein and Llewellyn, 1974). The possible 
phagostimulant role of the amino acids that tend to increase in response to soybean 
aphids should be tested in the future. In addition to the phagostimulant role, the amino 
acids could of course, be precursors of proteins needed for aphid growth and reproduction 
or precursors of other amino acids. In particular, the role of GLU as a determinant of 
resistance and as part of the effective defense response of susceptible plants should be 
investigated further. Changes in the concentration of this amino acid in response to 
aphids or as a component of resistance showed to be species specific. We detected 
reduction of GLU levels in plants resistant to aphids and in the early stages of the 
soybean-soybean aphid interaction, possibly before effective responses are completely 
suppressed by the aphids. In addition, GLU is the main amino acid that is imported into 
the symbiotic bacteria in aphids (Liadouze et al., 1995). Thus, reduction in this amino 
acid, even if it is not an essential amino acid for aphids, could have an important effect on 
aphid fitness.   
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Conclusions 
We identified amino acids that are associated with the mechanism of resistance to 
soybean aphid associated with Rag1 resistance. In addition, we found changes in amino 
acids composition in response to aphid infestation. Based on these observations we 
hypothesize that: 1) Soybean aphids induce physiological changes that result in changes 
in the amino acids composition that improve the nutritional quality of the plants. 2) Rag 1 
gene confer a resistance to aphids that is in part due to constitutive reduction of amino 
acids. To evaluate the role of the amino acids identified in this study as one of the 
elements determining aphid performance a more controlled experiment needs to be done. 
The use of artificial diets was previously used to evaluate cause-effect relationships 
(Karley et al., 2002) for changes in amino acids correlated to aphid performance. 
Additionally, changes in the proportion of several amino acids could be carried out using 
mutants with deficient or silenced amino acid transporter genes, a strategy that was 
probed efficient in the Arabidopsis- Myzus persicae model (Hunt et al., 2006). The 
identification of amino acids involved in resistance is the first step required to further 
evaluate their possible mechanism of action. 
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Figure 2 
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Figure 4 
 
 
 
 
 
 
0
0.5
1
1.5
2 ABA
0
20
40
60
80 GLN
0
1
2
3
4 AAA
0
20
40
60
80
100 ALA
0
50
100
150
200
250
300 GLU
0
10
20
30
40
50 PHE
0
50
100
150 ASP
0
20
40
60
80 THR
A
m
in
o
 a
ci
d
 c
o
n
ce
n
tr
a
ti
o
n
 
(n
m
o
l/
5
0
m
g
)
A
m
in
o
 a
ci
d
 c
o
n
ce
n
tr
a
ti
o
n
 
(n
m
o
l/
5
0
m
g
)
A
m
in
o
 a
ci
d
 c
o
n
ce
n
tr
a
ti
o
n
 
(n
m
o
l/
5
0
m
g
)
a)
b)
c)
Resistant
Susceptible
No aphids
Aphids
No aphids
Aphids
R S R S
72 
 
Figure 1: Number of aphids per plant through the season in 2007 (a) and 2008 (c) in the 
resistant and susceptible lines. Log-transformed Cumulative Aphid-Day (logCAD) 
through the season in 2007 (b) and 2008 (d) in the susceptible and resistant lines. Arrows 
indicate soybean developmental stages where tissue samples were collected and stars are 
indicating significant differences between the lines (p<0.05).  
Figure 2: Amino acid concentrations significantly different at vegetative soybean stage 
(V6) between (a) lines and (b) treatments.    
Figure 3: Amino acid concentrations significantly different at flowering soybean stage 
(R2) between (a) lines, (b) treatments and (c) line by treatment interaction.    
Figure 4: Amino acid concentrations significantly different at full pod-beginning seed 
soybean stage (R4-R5) between (a) lines, (b) treatments and (c) line by treatment 
interaction.    
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CHAPTER 4: General conclusions 
Host plant resistant for soybean aphid is under development by several breeding 
programs in the Midwest. Evaluation of different sources of resistance under aphid 
natural infestations in field conditions is needed to better characterize such resistance 
sources. Therefore, one of the general objectives of this thesis was to characterize 18 
soybean genotypes previously identified as resistance to soybean aphid under specific 
condition, in 8 environments that vary in the level of aphid infestations. Clustering of 
lines with similar performance was conducted in order to group lines with similar aphid 
infestation levels.  
Our work identified groups of lines with different performance across locations 
with varying levels of aphid pressure. We identified four groups of soybean lines based 
on their aphid infestation level for 2007. Group 1 and Group 2 (E06901, E06905, E06906 
and E06902) had the highest degree of resistance. Group 3 (LD16060, LD16529, 
LD16611, K1639, SD6813, SD6818, SD6819 and K5004N), included different sources 
of resistance and performed at an intermediate level between Groups 1 and 2. Genotypes 
in Group 4 were considered susceptible (LD16519, LD16621 and SD76R). Correlation 
analyses between aphid pressure determined by different locations and aphid infestation 
of groups of lines as determined by the cluster showed no genotypic by environment 
interaction. Three groups of resistance were identified from the 2008 trials. The most 
resistant group (Group 1) included lines E06901 and E07906 while Group 2 included 
LD16060, LD16529, LD16611, SD16137, E07901 and E06902. The susceptible group 
(Group 3) comprises LD16519, LD16621 and SD76R. As in 2007, correlation analyses 
between aphid pressure determined by different locations and aphid infestation of groups 
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of lines showed no genotypic by environment interaction. Lines evaluated in this study 
could be selected to use them in breeding programs.   
Furthermore, we selected from the pool analyzed one soybean line with known 
source of resistance (Rag1 gene) and a related line without the Rag1 gene. Consistency of 
the resistance conferred by Rag1 gene was tested in terms of yield losses along different 
levels of aphid infestations at field conditions. The resistant line was consistently less 
infested with aphids than the susceptible line except for MI07/2, MI08/1 and MI08/2 
(Michigan locations) where low aphid density was observed for both lines. Yield losses 
measured as relative yield, were measured for both lines and correlated with aphid 
infestations values. Our model indicated that the resistant line had no changes in relative 
yield at increasing levels of aphid infestation while the susceptible line showed 
significant yield losses that increased as a function of aphid infestation. Up to 42% yield 
loss was observed in the susceptible line. We identified a threshold of 4073 aphids/plant 
(logCAD= 3.61) after which yield start to decrease significantly in the susceptible line. 
We concluded that the Rag1 gene is conferring some degree of tolerance to soybean 
aphid in addition to resistance. Our results also indicated that there is no yield drag 
associated with the presence of the Rag1 gene across all locations and years studied.   
Nutritional factors in host plants may be considered as a valuable basis for host 
plant resistance. Due to the nitrogen limitation to which aphids are exposed, the second 
general objective of this thesis was to evaluate the correlation between leaf free amino 
acids composition and plant resistance in the two soybean genotypes used in the previous 
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field experiment: a soybean aphid susceptible line and a soybean aphid resistant line 
(Rag1) with known antibiosis resistance.  
We detected consistent differences in amino acid composition between the 
resistant and the susceptible lines at all the soybean developmental stages analyzed in this 
study. Amino acids higher in concentration in the susceptible line early in the season like 
ABA, ASP, GLU, ORN, TYR and PRO could be associated with nutritional quality, and 
would be important in determining host suitability. Thus, nutritional differences could 
explain in part a better aphid performance on the susceptible line than in the resistant line, 
and it is consistent with an antibiosis mechanism of resistance. Amino acids having high 
concentration in the susceptible line (protein and non-protein amino acids) could be 
tested in further experiments for their role as feeding stimulants. The resistant line, 
however, showed a putative late improvement in nutritional quality (GLN) and 
attractiveness (ABA); although these changes could have very little effect on aphid 
populations and plant yield, since they occur when aphids have already settled on a better 
host (the susceptible line) early in the season.  
The presence of aphids was also found to influence the amino acid composition of 
soybean leaves at all soybean stages with a more notorious effect on the last two stages. 
Reduction in ASN and GLU at V6 stage could be seen as a plant defense response to 
aphid colonization very early in the season when aphids are at low but sufficient density 
to elicit a plant response. This early plant defense response (reduction in ASN and GLU) 
would not be enough to totally impair aphid growth and reproduction. At R2 and R4-R5 
almost all amino acids that responded to aphid infestation showed higher concentration 
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when aphid were present (ILE, ORN, TRP, TYR, HIS, AAA, ALA, PHE) indicating a 
contrasting response compared to the one observed early in plant development. The 
possible phagostimulant role of the amino acids that tend to increase in response to 
soybean aphids should be tested in the future. In addition to the phagostimulant role, 
these amino acids could of course be precursors of proteins needed for aphid growth and 
reproduction or precursors of other amino acids. To evaluate the role of the amino acids 
identified in this study as one of the elements determining aphid performance a more 
controlled experiment needs to be done. The use of artificial diets was previously used to 
evaluate cause-effect relationships for changes in amino acids correlated to aphid 
performance. Additionally, changes in the proportion of several amino acids could be 
carried out using mutants with deficient or silenced amino acid transporter genes, an 
strategy that probed efficient in the Arabidopsis- Myzus persicae model. The 
identification of amino acids involved in resistant is the first step required to evaluate 
their possible mechanism of action. 
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APPENDIX 
Amino acids extraction procedure 
In order to evaluate the amino acids concentration variability between extractions within 
the same plant and the variability between plants, five soybean aphid resistant (LD16060) 
and five soybean aphid susceptible (SD76R) plants were planted in a growth chamber. At 
V2 stage, the middle leaf of the trifoliate of each of the 10 plants was detached, 
individually wrapped in aluminum foil and submerged in liquid nitrogen for further 
amino acid extraction. 
Two extractions were conducted for each of the 10 plants to evaluate variability between 
extractions. 25 amino acids were determined and a correlation between extraction 1 and 2 
was conducted.  
 
Amino acids concentration variability between plants was determined for each amino 
acid and each line. The coefficient of variation was calculated as the ratio of the standard 
deviation to the mean.  
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Conclusions 
Our analysis showed that the variation in amino acids concentration was low between 
extractions and high between plants for some amino acids like AAA, ASN, BAIB and 
Line Amino acids CV
LD AAA 0.56
SD AAA 0.68
LD ABA 0.19
SD ABA 0.24
LD AILE 0.08
SD AILE 0.04
LD ALA 0.30
SD ALA 0.25
LD ASN 0.78
SD ASN 0.77
LD ASP 0.26
SD ASP 0.36
LD BAIB 0.80
SD BAIB 0.72
LD GLN 0.06
SD GLN 0.26
LD GLU 0.22
SD GLU 0.16
LD GLY 0.30
SD GLY 0.62
LD HIS 0.35
SD HIS 0.73
LD HYP 0.24
SD HYP 0.24
LD ILE 0.36
SD ILE 0.53
LD LEU 0.54
SD LEU 0.74
LD LYS 0.19
SD LYS 0.47
LD MET 0.18
SD MET 0.24
LD ORN 0.43
SD ORN 0.52
LD PHE 0.18
SD PHE 0.39
LD PRO 0.26
SD PRO 0.29
LD SAR 0.10
SD SAR 1.42
LD SER 0.27
SD SER 0.37
LD THR 0.35
SD THR 0.29
LD TRP 0.19
SD TRP 0.17
LD TYR 0.26
SD TYR 0.36
LD VAL 0.21
SD VAL 0.23
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LEU. In addition, some amino acid concentrations showed different variability depending 
on the line. For example, GLY and HIS showed more variability in the susceptible line 
compared to the resistant line. One way of reducing variability in amino acids 
determination is to increase the number of plants sampled. Since extraction duplicates are 
not needed, increases in the number of plants will not end in increased number of 
extractions. For studies at the crop scale in field conditions, pool of leaves of different 
plants randomly chosen in the field could be sampled instead of individual plants. 
Pooling individual samples reduces the biological variation while maintaining a low 
number of samples to be analyzed. This method is particularly effective when the 
biological variability is large relative to the technical variability (Kendziorski, 2003), as 
is the case presented here.   
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